Premixed fuel-air flame propagation is investigated in a single-cylinder, spark-ignited, four-stroke optical test engine using high-speed imaging. Circles and ellipses are fitted onto image projections of visible light emitted by the flames. The images are subsequently analysed to statistically evaluate: flame area; flame speed; centroid; perimeter; and various flame-shape descriptors. Results are presented for gasoline, isooctane, E85 and M85. The experiments were conducted at stoichiometric conditions for each fuel, at two engine speeds of 1200 revolutions per minute (rpm) and 1500 rpm, which are at 40% and 50% of rated engine speed.
where v g is the gas expansion velocity immediately adjacent to the flame front and u n is the streched after ignition [25] . The laminar velocity is an intrinsic property of a combustible fuel, air and burned gas 32 mixture. That is defined as the velocity, relative to and normal to the flame front, with which unburned gas moves into the front and is transformed to products [26] .
34
Turbulent burning velocity plays a prime role and directly effects the in-cylinder pressure development,
35
i.e., engine performance. Turbulent burning velocity and laminar burning velocity are important physical
36
properties of fuel air mixtures. It is essential that both of these velocities are derived experimentally from 37 flame speed and in-cylinder pressure measurements [9, 11, 14, 22] . The work produced by an engine is 38 related to the flame speed as can be inferred from the following. The burned mass of charge is given by 39 m b (t) = (S xSySz )(t)ρ b (t)Sf(t),
whereS x ,S y ,S z are the average flame speeds in the x, y, z directions. These can be determined by dividing minus the heat transfer to walls dQ ht , and adjusted by the masses leaving or entering the chamber Σh i dm i .
46
Note: term Σh i dm i can be positive (during fuel injection) or negative (flow to crevice volumes or blow by).
Therefore engine performance is highly dependent on flame propagation characteristics within the cylinder. 48 
Visualisation of initial flame kernel growth in SI engines

49
In previous engine research images of flames in cylinders showed a significant enflamed volume, but the 50 pressure measurements were not accurate or sensitive enough to indicate the evolving flame kernels [15, 21] .
51
Therefore, optical investigation of combustion is prefered to pressure tracing at the early combustion stages.
52
The practical realization of visual access to a combustion chamber of a working piston engine is not easy, with 53 any of the visible, ultra violet spectra or laser radiation approaches [43] [44] [45] [46] . The fluctuating pressure at high 54 temperature, the limited strength of transparent materials and the geometrical constrains kept investigators 55 from studying optical engines at real working conditions. In most cases the engine speed and CR were kept 56 low in order to observe the propagating flames. In previous investigations the effect of changing engine 57 speeds and equivalence ratios were studied. However, because of the tight cylinder geometries, there has 58 been no optical data recorded in the same engine at different compression ratios. Another major difficulty 59 is the time scale of rapid oxidation. The average of temporal resolution that can be found in the literature 60 is about 0.2 to 0.4 ms. Only one paper included data at higher temporal resolution, which could potentially 61 from the assumption that the flame front surface had a spherical geometry. However, these shapes were not 71 described mathematically and detailed analyses were not carried out.
72
Even though the in-cylinder flame front is a three-dimensional flame, in most studies flame-speed mea- of studies, where the flame radii were calculated using the "equivalent radius" (EQR) method [15, 16, 25, 77 32, 33, 38-41], which determines the radius from the measured area:
where r is the flame radius and A is the area of the projected region. There has been no attempt to refine 79 this assumption. Table 2 lists some of properties of the fuels tested in these engines (from [26, 53] The main contribution of this paper is statistical characterization of non-spherical and non-isotropic 102 aspects of flame propagation. A specifically-designed multi-fuel optical engine was used to compare flame-
103
propagation characteristics of isooctane and gasoline. E85 and M85 were also investigated as practical 104 alternative spark-ignition engine fuels and to fill in the gaps in the flame-propagation data base. E85 and were not modified. The exhaust muffler was taken off and the exhaust port was connected straight into the engine, the air/fuel ratio was monitored to keep a constant air/fuel ratio.
127
The rig had a 12 V ignition system containing a BOSCH K12V TCI coil to supply high voltage to the 128 NGK CHSA spark plug. The geometry of the plug had to be modified in order to fit in the cylinder head.
129
The thread, sealing mode and electrical connection had to be changed, however, the electrodes and their the compression ratio became variable using spacers from 5.00 up to its maximum value 8.14.. The detailed 142 in-cylinder geometry is illustrated in Figure 2 .
143
Prior to image recording the engine was heated up using a metal blank instead of the window, which 144 was also pre-heated by a blower torch. The design of the window clamp allowed swapping the blank to the 145 window in a few seconds preserving the temperature of the system. Then, the engine was run an additional 146 5 minutes to reach steady operating conditions. For statistical analyses over 100 sets of data were obtained 147 at each engine operating point. The camera memory could only store about 30 sets of data at a time.
148
Therefore each time about 30 sets of data were recorded, and while the engine was running at the same 149 operating point the camera memory was copied to the computer over about 30 seconds. Then a subsequent 150 set of about 30 data points was obtained, and the process was repeated four times at each operating point.
151
The computer code had a comparison loop that compared the four series of data to each other to check the Table 4 . The volume of the combustion chamber is calculated 154 by the clearance heights as the piston movement is quite small during the initial flame propagation period.
155
It is difficult to obtain accurate values for residual gas volume, it was estimated by using valve timing suggest that the effect of short-circuiting was not significant. The dynamic effects of the moving working 159 fluids could be neglected.
160
Thermodynamic conditions were recorded during the tests but were not synchronised with visualisation, 161 so only the mean values are given in Table 4 . Each fuel had slightly different pressure curve at compression 162 stroke, but the differences were smaller than the measurement errors.
163 Table 5 shows a data matrix of the indicated mean effective pressure (IMEP) values and the corresponding 164 coefficient of varience (COV) for each conditions and fuels. The ignition timing was kept the same in order 165 to provide a similar flowfield for each fuels. Therefore, Table 5 is only informative of fuel performance.
166
The computer code could only measure the spark duration when there was no combustion inside the 167 engine (in dark) as it could not distinguish between flame and spark. During the experiments, it was found 168 that the spark length was significantly shorter when there was combustion around it. So the spark length 169 shown in Table 4 was derived from manual analysis of ten randomly chosen combustion images.
170
It is believed that this optical engine provided a similar description of real engine processes to production The moment of (w + q) order of a 2 dimensional arbitrary region (B) is given by [60] .
calculated over B. For regions where no properties are varied, function f has a value of unity. When (w + q) 199 equals zero, i.e., the zeroth moment is the area of region B, the centroids are given by the quotient of the 200 first and zeroth moments:
Then, the central moments can be determined evaluating the following integral:
or can be written in terms of moments:
U 10 = U 01 = 0 (10)
M 00 (11)
M 00 (12)
Finally, the best-fit ellipse can be determined using the central moments:
where SA maj , SA min and are the semi-major, minor axes and the orientation angle respectively. In this 205 work bitmap images were acquired from the high-speed camera. These were converted to pixelated images 206 from which the central moment integral were obtained from:
and can be fairly easily calculated using a computer code. Once the semi-major and minor axes were calculated for each image, the difference in their length was 210 determined by:
where in this case da is SA maj or SA min . Dividing the change in length with the known time interval gives 212 the flame speed at the given time: ness RN S, which does not vary with the boundary irregularities (local shape wrinkles or disturbances).
where RN S is the large scale shape factor, A is the area of a region and D F is Feret's diameter, the longest 219 distance between any two points along the boundary of a region. been found on in-cylinder flame in the literature. Table 6 shows the measured flame speed at a chosen time, found that the ratio of the flame speeds of these two fuels in the current study was similar to the one found Figure 8: Flame speeds and roundness of E85 and M85 a, 1200 rpm and CR=5.00 b, 1500 rpm and CR=5.00 c, 1200 rpm and CR=8.14 d, 1500rpm and CR=8.14 other engines.
282
Isooctane and gasoline flames and some fitted ellipses are shown in Figure 6 at the condition of 1200, 
286
Then the next three were selected randomly, and the final one is the last image in the series. In 3D the 287 flame boundary reached the combustion chamber long before it reached the edges of the visible area ( Figure   288 2). Considering the geometry of the combustion chamber, it was assumed that the flame speed vector in (soon after 200 µs) the uncertainties are higher than when flame speeds are higher (e.g. near 1200 µs).
Higher speeds and higher compression ratios promote better mixing, so that uncertainties are lower in these 331 cases.
332
Figures 7 and 8 indicate that the flame front is not spherical. Figure 11 presents a comparison of the 333 spherical and elliptical flame-propagation approaches. In Figure 11 , the major and minor flame speeds and 334 their average were plotted in the same graph with the flame speed calculated using the equivalent radius 335 method. For most of the time investigated, the average speed was similar to the speed calculated from the 336 equivalent radius method but slightly larger, especially when there were larger differences in the major and 337 minor speeds.
338
The flame shape and its changes in time are important information in the understanding and prediction 339 of in-cylinder processes. Therefore the ellipse method can provide useful data for CFD and emissions
340
predictions in studies of fuel-engine combinations, and engine design processes [65] .
341
Flame speed and shape factor measurements showed that an ellipses described the contour of combustion 342 better than circles in the first stages of combustion. About the first 800 µs of propagation were severely 343 affected by the spark causing well elongated flames. This phenomenon was not dependent on fuel or engine 344 operating conditions. At time of ignition, the value of roundness was found to be close to unity in all cases, Therefore, these peaks were caused by a large scale in-cylinder process rather than some local disturbance. unstable behaviour in combustion; their flame speed curves had more fluctuations than the other two fuels.
362
These two fuels showed the largest changes in shape, sometimes exceeding unity of their shape factors.
363
It seemed that all fuels would sooner or later reach a fairly stable flame speed value depending on the 364 operating conditions. The rate of stabilizing was found to be the lowest for isooctane, which in most cases 365 had increasing flame speeds until the end of recording. In Table 7 
Conclusions
394
Flame propagation characteristics of isooctane, gasoline, M85 and E85 were recorded using a high-specification camera in a specialty-designed optical-access engine. The high temporal-resolution pictures
396
were analysed with a purpose-built code and statistically compiled. In-cylinder combustion processes with 397 propagation in order to model in-cylinder processes more accurately. This is especially so for the earlier 405 combustion stages when the spark causes highly distorted flame contours. 
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